To identify key connections between DNA-damage repair and checkpoint pathways, we performed RNA interference screens for regulators of the ionizing radiation-induced G2 checkpoint, and we identified the breast cancer gene BRCA2. The checkpoint was also abrogated following depletion of PALB2, an interaction partner of BRCA2. BRCA2 and PALB2 depletion led to premature checkpoint abrogation and earlier activation of the AURORA A-PLK1 checkpoint-recovery pathway. These results indicate that the breast cancer tumour suppressors and homologous recombination repair proteins BRCA2 and PALB2 are main regulators of G2 checkpoint maintenance following DNA-damage.
INTRODUCTION
In response to DNA damaging agents such as ionizing radiation, human cells activate cell-cycle checkpoints to delay cell-cycle progression and facilitate DNA repair. Cells exposed to ionizing radiation in S and G2 phase will arrest at the G2 checkpoint (Iliakis et al, 2003) . This checkpoint inhibits cyclin B-CDK1 activity, the main driver of the G2-to-M cell-cycle transition. Inhibition of CDK1 is coordinated by the kinases ATM (ataxiatelangiectasia mutated) and ATR (ATM and Rad3 related) through phosphorylation of downstream targets such as CHK1 (Iliakis et al, 2003; Ciccia & Elledge, 2010) . Following completion of DNA damage repair, the checkpoint is inactivated and CDK1 activity is restored to drive cell-cycle progression (van Vugt et al, 2005) .
This occurs through a process dependent on activation of PLK1, which is stimulated by AURORA A kinase and its activating partner BORA (van Vugt et al, 2004; Macurek et al, 2008) . The upstream regulators of PLK1, AURORA A and BORA are not known.
As the G2 checkpoint is normally maintained until the damage has been repaired, the signalling cascades in control of this checkpoint and DNA repair are probably tightly coordinated. It is clear that checkpoint kinases, such as CHK1, regulate and stimulate repair pathways (Hu et al, 2005; S^rensen et al, 2005) . However, it is not well understood whether DNA repair proteins can also control the restarting of the cell cycle following checkpoint arrest.
To identify new connections between DNA repair and checkpoint pathways, we developed a high-throughput assay to perform short-interfering RNA (siRNA) screens for unknown G2 checkpoint regulators following exposure to ionizing radiation. We identified the homologous recombination repair protein BRCA2 as an important regulator of G2 checkpoint maintenance, and BRCA2 functions together with its binding partner PALB2. These findings identify a new and main role of repair-pathway components in G2 checkpoint control.
RESULTS AND DISCUSSION
To perform siRNA screens for unknown G2 checkpoint regulators following ionizing radiation (Fig 1A) , we considered the fact that histone H3 becomes phosphorylated on its Ser 10 residue during prophase and metaphase in mitosis (Hendzel et al, 1997) . Cells were reverse transfected in 384-well plates with the siRNA library using three individually plated siRNAs per target. Two days after transfection, cells were irradiated with 6 Gy of ionizing radiation to induce the G2 checkpoint, and 2 h later the mitotic spindle inhibitor nocodazole was added and incubated for a further 8 hours to arrest cells that escape the checkpoint in mitosis (Fig 1A,B) . siRNAs targeting CHK1 and the CHK1-inhibitor Gö 6976 were used as positive controls in the screen (Fig 1C) . Detection of H3Ser10p-positive cells was achieved by automated microscope image acquisition (Fig 1C, top) , followed by statistical analysis to identify candidate genes (Kö nig et al, 2007) . The screen was performed in the human osteosarcoma cell line U2OS expressing dominant-negative p53 (U2OS p53dneg). By inhibiting BRCA2 and PALB2 regulate G2 checkpoint maintenance T. Menzel et al p53, an important activator of the G1/S checkpoint (Iliakis et al, 2003) , the number of cells reaching the G2 checkpoint was increased ( Fig 1D) . To validate our high-throughput assay, we performed the screen twice using an siRNA library targeting the human kinome (see supplementary Table S1 online). Most siRNAs showed similar phenotypes in the two screens ( Fig 1E) . As quality metrics, we calculated the strictly standardized mean difference for the plates, which showed little variation (Fig 1F; Birmingham et al, 2009 ). Heatmaps of the raw scores (or ranks) of the 384 wells were made to exclude any spatial bias (data not shown). We also calculated the z-score and robust z-score (when applicable) for each siRNA (Birmingham et al, 2009) . The positive and negative controls separated well, and few siRNAs induced mitotic accumulation (Fig 1G) . CHK1 and the CDK1-inhibiting kinases WEE1 and MYT1 were identified; all three are known G2-checkpoint activators (Boutros et al, 2006; S^rensen et al, 2010; Fig 1H,I) . This confirmed that our new screen efficiently identifies checkpoint regulators. In addition, nine kinases that have not been previously recognized as checkpoint regulators were identified as candidates. We noted that several kinases with known checkpoint roles were not identified in our screens, such as ATR, which highlights that siRNA screens are unlikely to be able to elucidate entire pathways, due to issues such as siRNA-knockdown efficacy.
To identify DNA repair factors with a regulatory role in the ionizing-radiation-induced G2 checkpoint, we next performed similar screens using a custom-made siRNA library targeting human DNA repair factors (see supplementary Table S1 online). The screen was conducted twice, and the results were highly reproducible, with little plate-to-plate variation (supplementary Fig S1 online) . As in the kinome screen, few siRNAs led to G2 checkpoint abrogation (Fig 2A,B) . All three siRNAs of BRCA2 scored highly (Fig 2C) . The role of BRCA2 in the G2/M checkpoint is unknown (Venkitaraman, 2009) . To validate the findings of the screens and exclude possible off-target effects of the siRNA, we transfected cells with the three screen-derived siRNAs targeting BRCA2. All three siRNAs abrogated the G2 checkpoint ( Fig 2D) and depleted BRCA2 (Fig 2E) . Similar G2 checkpoint abrogation was seen with BRCA2 siRNA concentrations ranging from 5 to 100 nM (data not shown), or with BRCA2 depletion by endoribonucleaseprepared siRNA (date not shown). Importantly, BRCA2-depleted cells did not arrest within mitosis, which would have affected our analysis (supplementary Fig S3 online , white and light grey bars, 8 h Noco). BRCA2 also abrogated the G2 checkpoint in p53 wildtype TIG-3-tert cells (Fig 2F) , and in p53 À/À HCT116, HeLa and parental U2OS cells (supplementary Fig S2 online) .
The G2 checkpoint arrest was initially activated after BRCA2 knockdown, which was clear from the low mitotic index 1 and 2 h after exposure to ionizing radiation (Fig 3A) , as well as proficient CHK1 phosphorylation and CDC25A downregulation ( Fig 3D) . However, at later time points after exposure to ionizing radiation, BRCA2-depleted cells overcame the G2 arrest, indicating that BRCA2 has a role in checkpoint maintenance, rather than activation ( Fig 3A) . BRCA2-depleted cells entering mitosis after ionizing radiation eventually proceed to G1 phase in the absence of the nocodazole trap (supplementary Movies 1 and 2 online). To examine whether cells entering mitosis in the absence of BRCA2 contain unrepaired DNA damage, we stained cells for gH2AX, an established DNA damage marker (Bonner et al, 2008) . BRCA2-depleted cells that were captured in mitosis after exposure to ionizing radiation and nocodazole treatment were gH2AX-positive, similarly to CHK1-depleted cells receiving the same treatment (Fig 3B,C) , and they showed condensed chromatin typical of mitotic cells (Fig 3C) . Thus, cells enter mitosis in the absence of BRCA2 despite persisting DNA-damage signals. Next, we asked whether BRCA2-deficient cells entering mitosis after exposure to ionizing radiation were cells that had overcome the S-phase arrest, which would suggest that BRCA2 affects the intra-S checkpoint. To distinguish between cells that were in S phase and G2 phase at the point of irradiation, we pulsed the cells with the nucleotide analogue EdU before ionizing radiation/nocodazole treatment. The fraction of the cells accumulating in mitosis after exposure to ionizing radiation and BRCA2 depletion were mostly EdU negative (Fig 3E) , confirming that BRCA2 affected G2-phase cells. These results were supported by experiments using the DNA polymerase inhibitor aphidicolin to arrest S-phase cells (Deckbar et al, 2007) . In the presence of aphidicolin, BRCA2-depleted cells were able to enter mitosis after exposure to ionizing radiation, BRCA2 and PALB2 regulate G2 checkpoint maintenance T. Menzel et al supporting the idea that BRCA2 regulates the checkpoint response of cells in G2 phase (supplementary Fig S3 online) . PALB2 is a direct interactor of BRCA2 and thereby involved in BRCA2 functions during homologous recombination repair (Buisson et al, 2010; Dray et al, 2010) . PALB2 was not included in the siRNA library used in our siRNA screens. However, independent experiments showed that the G2 checkpoint was abrogated by PALB2 downregulation (Fig 3F) . Moreover, co-depletion of BRCA2 and PALB2 did not lead to additive checkpoint effects, indicating that BRCA2 and PALB2 function in the same pathway (Fig 3F) . As the two proteins exert their role in homologous recombination repair by recruiting RAD51 to single-stranded DNA, we reasoned that RAD51 depletion might also lead to checkpoint abrogation. In fact, a recent report showed that mutations in the carboxy-terminus of BRCA2 caused faster mitotic entry and more rapid disassembly of RAD51, suggesting ). However, we found that depletion of RAD51 did not cause abrogation of the G2 checkpoint (supplementary Fig S4 online) , suggesting that BRCA2 and PALB2 regulate G2 checkpoint maintenance independently of RAD51, as well as the completion of homologous recombination repair. Checkpoint recovery is an active process to resume the cell cycle following checkpoint arrest, which depends on the AURORA A/BORA/PLK1 network (Macurek et al, 2008) . To investigate whether PLK1 is involved in premature recovery following BRCA2 depletion, we examined the effects of adding a PLK1 inhibitor after exposure to ionizing radiation. Inhibition of PLK1 counteracted the G2 checkpoint abrogation of BRCA2-depleted cells, although knockdown of BRCA2 and PLK1 inhibition also had an inhibitory effect on mitotic entry in the absence of ionizing radiation (Fig 4A) . When comparing the numbers of cells that entered mitosis after damage (ionizing radiation þ nocodazole treatment) with the number of cells that entered mitosis without damage (Nocodazole treatment), PLK1 inhibition caused a fivefold reduction of the mitotic index in BRCA2-depleted cells (Fig 4A) . Furthermore, codepletion of BRCA2 with AURORA A and BORA, respectively, reduced the number of cells that entered mitosis after exposure to ionizing radiation, compared with BRCA2 knockdown alone (Fig 4B;  supplementary Fig S5 online) .
During checkpoint recovery, PLK1 becomes activated by AURORA A/BORA-mediated phosphorylation on T210 (Tsvetkov & Stern, 2005; Macurek et al, 2008; Seki et al, 2008) , and because of reaccumulation of stabilized PLK1 (Bassermann et al, 2008) . In the absence of BRCA2, PLK1 was phosphorylated at earlier time points after exposure to ionizing radiation (Fig 4C,D) . Moreover, AURORA A autophosphorylation, a prerequisite for AURORA A activity (Walter et al, 2000) , occurred earlier after exposure to ionizing radiation in the absence of BRCA2 (Fig 4C) . Importantly, BORA, AURORA A and PLK1 ablation also restored the G2 checkpoint in PALB2-depleted cells (Fig 4E; supplementary Fig S5 online) , and PLK1 phosphorylation occurred at earlier time points after exposure to ionizing radiation in the absence of PALB2 (supplementary Fig S6 online) . Together, these results suggest that BRCA2 and PALB2 are required to maintain the AURORA A/BORA/PLK1 pathway in an inactive state after exposure to ionizing radiation to prevent cells with DNA damage from entering mitosis prematurely. In the presence of BRCA2, U2OS cells treated with 6 Gy of ionizing radiation will finally enter mitosis at 20-30 h after exposure to ionizing radiation. This occurs in a PLK1-dependent manner (Syljuåsen et al, 2006) . On the basis of our results, we propose that the inactivation of BRCA2/PALB2 suppression of PLK1 is involved in causing such mitotic entry. It remains to be elucidated how BRCA2 and PALB2 regulate AURORA A/BORA/PLK1, and how BRCA2/ PALB2-dependent control of the PLK1 pathway is turned off to allow cell-cycle progression. Notably, BRCA2 was reported to interact with PLK1 in mitosis (Lin et al, 2003) , and it is possible that protein interactions between BRCA2/PALB2 and AURORA A/ BORA/PLK1 are involved in the regulation of checkpoint maintenance.
In conclusion, we have used the siRNA-screen approach to uncover new roles for key regulators of biologically important pathways. We show for the first time that the homologous recombination repair proteins BRCA2 and PALB2 are required for G2 checkpoint maintenance and, importantly, that their function seems to be independent of homologous recombination, as RAD51 depletion does not affect G2 checkpoint control. This new checkpoint function might contribute to BRCA2 and PALB2 tumour-suppressor functions and influence responses to cancer therapy.
